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PHOTOELECTRONIC PROPERTIES OF
TERNARY NIOBIUM OXIDES

K. Dwight and A. Wold
Department of Chemistry
Brown University

Providence, Rhode Island 02912

Ferric oxide is known to have an optical band gap of about
2 eV, and the literature contains many reports of photoelectro-
chemical measurements on "conducting", n-type Fe,0, (1, 2, 3, 4
5). Unfortunately, any attempt to reduce ferric okxide results in
the formation of magnetite as a distinct separate phase, and’
there is no solubility of this spinel in the corundum structure
(5, 6). Thus, all the properties reported above for Fe 03 were
measured either on multiphase samples or on samples which con-
tained impurities.

The ternary iron oxides, as exemplified by the iron-niobium
system, offer an opportunity to obtain single-phase, conducting
n-type iron oxides; in which the conductivity can be controlled
by means of chemical substitution. At first glance, FeNbO, and
FerZO6 might appear to be very different materials. Yet as
MM'O4 and MM',0, they merely represent superstructures of the
basic a-Pb0, Structure obtained under the conditions of prepara-

tion (7). Consequently, they form a solid solution in which the
two valence states of iron are uniformly d1str1buted throughout a
single homogeneous phase (8).

However, many ternary systems incorporate a second photoac-
tive center in addition to the [FeO_] octahedra: in the present
case, [NbO_] octahedra. The interaction between such multiple
centers has not previously been investigated. 'In the present
work, interband transitions are observed which appear characteris-
tic of niobium centers, together with other transitions character-
istic of the iron centers. Since these are homogeneous, single-
phase materials, this result suggests that caution should be exer-
‘cised when applying the conventional band model to such oxide
semiconductors.

For materials with a single photoactive center, it is gener-
ally observed that the optical band gap and flat-band potential
are interrelated, so that lower band gaps appear to be accompanied
by more positive flat-band potentials (4,9). Nevertheless, the
non-active A-site ions in such ternary compounds as BaTiO

SrT103, Bao.ser.SNb2°6 and Sr szo7 do have a pegturbing effect
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(4, 7, 9, 10). " Consequently, it multiple photoactive centers can
maintain sufficiently independent existence in a single compound,
it would be conceivable that significant deviations from the usual
correlation of high flat-band potentials with low band-gap ener-
gies might occur,

Effects of Compositibn and Structure

Before proceeding to ternary oxides with multiple photoactive
centers, the effects of composition and structure upon such photo-
electronic properties as optical band gap and flat-band potential
for a given active center should be considered. It will be seen
that composition appears to primarily affect the flat-band poten-
tial, whereas the band gap is more sensitive to structure.

SrpNbo0;7 is a pyrochlore; Bap gSrg gNbgOg is a defect perov-
skite. In both materials, the [NbO,] octahedra are the only pho-
toactive centers., As shown in Figure 1, the flat-band potential
of the pyrochlore is more negative by 0.4 volts, and its band gap
is correspondingly larger, as would be expected. But the respec~
tive roles of structure and composition cannot be deduced from
this comparison alone.

BaTiO, and SrTiO, are both perovskites and have nearly the
same optical band gaps. Yet the flat-band potential of SrTiO, is
0.6 volts more negative than for the barium analog, a differeice
comparable in magnitude to that noted above for the niobates.
Furthermore, it can be seen from Figure 1 that the band gap in the
rutile TiO2 is significantly lower than in these perovskite ti-
tanates. .

Thus, the behavior in both the titanium and niobium systems
is consistent with the hypothesis that the A-~site cation is pri-
marily responsible for variation in flat-hand potential while the
structure is primarily responsible for variation in optical band
gap. Of course, it has been noted elsewhere that other properties
such as the magnitude of the quantum efficiency also depend upon
structure (10).

From Figure 1 it is evident that Fe,0,, FeNbO,, and FeTiO
all have relatively positive flat-band poSténtials, which is pre-
sumably a characteristic of the iron. The band gap in the titan-
ate appears to be associated with the [Ti0,] octahedra; that in
the niobate appears to match ferric oxide within structural vari-
ability. From such a cursory analysis, there would appear to be
no effect from the presence of a second photoactive center in
these two materials.

However, the existence of such an effect can be demonstrated
by the application of a recently proposed technique for the study
of interband transitions having energies greater than the "opti-
cal" band gap (11). Standard procedures exist for the extraction
of band-gap information from measurement of the optical absorp-
tion coefficient, which has been shown to be proportional to the
quantum efficiency (photocurrent density divided by the incident




light flux) under conditions applicable to the materials consid-
ered here (11, 12). The photoelectrolysis experiment provides an
effective sZﬁbIIHg region much thinner than can be obtained by
polishing crystals, thereby extending the range of measurement to
much higher energies. Since this technique is not yet widely
known, an outline of its principal features is presented in the
following section.

Band-Gap Analysis

Under moderate irradiation, the reaction rate in a photoelec-
trolysis cell is limited by the arrival rate of holes at the anode
surface (12), in which case the quantum efficiency n is given by:

n=1-[exp (-aW)1/Q + uLp)

where o is the optical absorption coefficient, Lp 1s the hole dif-
fusion length, and W is the width of the depletion layer (12).
Also,

W= [2580 (V-Vfb)/eNO]l/Z

and )
Lps [ee, (kT/e)/eNg] 1/2

since the hole diffusion length is determined by bulk recombin-
ation in highly defective oxides (11,12).

The dielectric constant € can be estimated to be of the order
of 100, and the donor concentration N, can be estimated from the
measured conductivity, activation energy and Hall mobility to be
of the order of 1020 cm~ Then W = 107° cm and Lp is even
smaller, so that expansion of the exponential yields a quantum
efficiency proportional to the optical absorption coefficient even
for large values of a.

The optical absorption coefficient for a single interband
transition is related to the photon energy by a ~ (hv)~l(hv - Eg)?
where Eg is the band gap and n depends upon the charactér of the
transition (n = 0.5 for allowed direct transitions; n = 2 for
allowed indirect ones). Thus, if experimen}al values for a are
multiplied by hv, and are plotted as (ahv) (1/M agajnst hv, then a
straight line intersecting the energy axis at Eg will be obtained
when n correctly characterizes the transition. Since the total
optical absorption coefficient & for a compound comprises the sum
of such contributions from successive interband transitions, its
complete analysis must proceed in stages, Each transition is
characterized in turn, starting from the lowest energy, whereupon
its contribution to the absorption is extrapolated to higher ener-
gies and subtracted from the total a. However, the simple deter-
mination of the interband transition cnergies does not require
this elaborate process, the onset of each additional contribution
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to the total a being clear]Y visible as an abrupt increase in the
slope of the graph of (ahv){1 /M) ys hv. Furthermore, higher-ener-
gy direct transitions can often be identified unambiguously with-
out subtracting the contributions from lower-energy indirect ones.

The absorption coefficient increases with increasing photon
energy, and each successive transition adds to the rate of in-
crease. Consequently, the analysis of higher-energy transitiomns
is limited by the maximum value of o which can be measured, which
is inversely proportional to the thickness of the sample., In the
photoelectrolysis experiment, the depletion layer forms a very
narrow sampling region, so that the maximum value of a measurable
by n is large. This permits the determination of interband tran-
sitions well above the energy of the lowest band gap (11).

In order to illustrate the power and reliability of this ana-
lytical procedure, the quantum efficiency n measured for SrTiO
being proportional to a, has been multiplled by the photon ene%gy
hv and is plotted in Figure 2 as (nhv) vs hv. The linearity of

the lowest-energy section of this graph (with n = 2) characterizes
the transition as indirect. The energy intercept yields the value
of 3.2 eV for the lowest band gap, which is in good agreement with
previous absorption measurements (13) and with the calculation of
Kahn and Leyendecker (14).

The abrupt increase in slope at 3,37 eV signals the presence
of a higher-energy transition, in accord with the increased ab-
sorption found by electromodulation measurement (i5). The de-
crease in slope at 3.5 eV corresponds to a saturation of this con-
tribution to the total absorption and is not understood. Never-
theless, several other materials give evidence of similar
behavior.

Finally, the transition at 3.74 eV agrees both with the elec-
tromodulation spectra (15) and with the band structure calculation
(14). This higher-energy section does not appear greatly differ-
ent from the rest of Figure 2, although there is. some curvature of
the data. However, this region becomes truly linear when replot-
ted as (nhv)2 versus hv, which establishes the direct character of
the high-energy transition. .

Results and Discussion

The quantum efficiency data for the defect pyrochlore
Bag SSrO 5Nb206 is presented in Figure 3 (10). It shows an indi-
rect band gap at 3.4 eV with a "tail" extending to nearly 2.6 eV.
The higher-energy transition at 4.4 eV shows some curvature of the
data, and indeed, corresponds to a direct transition when replot-
ted as (nhv)“ versus energy (10).

Similar data for the pyrochlore Sr,Nb,0, is plotted in Figure
4. Here the principle indirect band gap occurs at 3.9 eV with a
“tail" to nearly 3.4 eV. The data beyond 4.3 eV cannot be inter-
preted quantitatively because of a breakdown in the conditions
required for the band-gap analysis, but there is an indication of
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a transition in the viéinity of 4.7 eV. Thus the behavior is
qualitatively similar to that observed in the perovskite niobate,
only shifted to higher energies.

The analagous results for the corundum Fe 04 are given in
Figure 5. This shows an indirect band gap at 1,85 eV together
with a direct band gap at 2.5 eV (11). Such simple behavior is in
sharp contrast with the complex succession of transitions shown in
Figure 6 for FeNbO, (7). Here the lowest-energy transition at
2.05 eV is clearly indirect. It is followed by several higher-
energy transitions at 2,68, 2.93, 3.24, and 4.38 eV, each giving
rise to a sudden increase in the slope of the curve, but so close
together as to preclude reliable determination of direct or indi-
rect character.

The locations of these additional interband transitions are
highly suggestive. That at 2.68 eV appears to correlate with the
2,58 eV transition for Fe,0, shown in Figure 5; those at 3.24,
2.9, and 4.38 eV are reminiiscent of the indirect transition at
3.4 eV, its "tail," and the direct transition at 4.4 eV shown in
Figure 3 for Bag,55rQ.5Nb20g. Thus the data for FeNbO; show all
the characteristics of the [NbOg] cctahedra in addition to all the
characteristics of the [FeOg] ceniers. The greater similarity to
the perovskite niobate can be attributed to closer agreement be-
tween their Nb-0 bond strengths as compared with those in the
pyrochlore structure.

Summary and Conclusions

When only a single species of photoactive center is present
in a compound, the presence of a non-active, A-site cation pro-
duces a characteristic shift in the flat-band potential. A change
in structure, however, will in general produce a shift in the op-
tical band-gap energy. This is accompanied by corresponding
shifts in any other, higher-energy interband transition, but the
qualitative features remain the same, and hence appear to be
characteristic of the particular photoactive center.

When two species of photoactive centers are simultaneously
present, the higher flat-band potential appears to dominate. But
it is evident that both species contribute their characteristic
sets of interband transitions to the ensemble. In this respect,
these oxide semiconductors behave differently than the conven-
tional, broad-band semiconductors. It would appear that different
photoactive ceniers remain at least partially independent.

However, further experimentation embracing a variety of ter-
nary systems will be required to determine the degree of inter-
action between such multiple centers. Preliminary results for
Fe,WO, confirm the superposition of two characteristic sets of
interband transitions. The optical band gap and flat-band poten-
tial are essentially the same as in FeNbO,, but the quautum erfi-
ciency is considerably greater. This suggests that there may be
some enhancement of the photoresponse due to interaction between




the iron and tungsten centers.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Optical band gaps and flat-band potentials (adjusted to pH = 13)

for some photoanode materials (4, 7, 9, 10).

Band-gap analysis for SrTiO3 (11), showing transitions at

3.2, 3.4, and 3.75 eV.

Band-gap analysis for BaO.Ser.SNb206 (10), showing transitions

at 2.6, 3.4, and 4.4 eV.

Band-gap analysis for Sr
3.4 and 3.9 eV.

Band-gap analysis for Fe
1.85 and 2.58 eV.

Band-gap analysis for FerOA (7), showing transitions at

ZNbZ

203

07 (10), showing transitioms at

(11), showing transitions at

2.05, 2.68, 2.9, 3.24, and 4.38 eV.




OPTICAL BAND GAP (V)

PHOTOELECTRONIC PROPERTIES

4- U [ R | L1 n P | " P R B y g
. O Serb207
-
1 Nb.0 i
3.5 275 |
.‘ O srTi0, O O Bay 5570, sNb0g
O BaTi0,
3.0 O Ti0 5
1 S |
'J O FeTiO3 -
1 O wo, .
2.5 N
7 |
]
J O Fe203
]
FeNbO
2.0 - O FeNbO, .
!
1- 5 v 7 T { T ~T T T I
-1.5 -1.0 -0.5 -0.0 0.5
FLAT-BAND POTENTIAL vs SCE (pH=13)
—




ShTiog

N
TN SR YUY TR N TR TN VU WO ST TR WY SN TR O WO VAN AT VN MY ST R R B Y T .
v
x -
= x Y
. <
\\
™~
] \\ P
\ ----------------------------
. x -
x
“x
\\
i\x
\,,\

3.5

©
O

T § ¥ 7 l' ] L4 L4 T l ¥ ) L) LJ l LI ]

mn < m

o o o

g p (W4Y)

¥ v l T L L4 LI ' 1 L L] L}
( . )
O o O

3.0

ENERGY (eV>

—— . e nmean .. - AL ~ua ~.~.mm"




Compgnpre e N

(A=) ATHIN3

AN

-

1 1 L 1 1 i L 1 1 . D'D

- < 0

I
4
L}
t
|
|
)
1
[}
i
i
|
[}
[}
|
1
|
1
1}
]
!
]
1
i
)
]
)
|
[}

- v 0

¢ -g (YY)

- 90




(NS> AJd3INI

00

¢ 0

¥ "0

S0

< s AT

Y

L e

g g (A4




I R, P T o

(A=) AJd3NI
Qv S g 0°€

- —— e

<
S
g -0 (4

-
T T T T — L B T | _ L ¥ T 1 _ ' LI} ¥ L] m D




(A=Y AJdIN

ML

1

00

< Q
¥ "0

S0

O°1

ST W

g g (W4

- PP~ SN iy, B B




SP472-3/A1

472:GAN:716:ddc
78u472-608

TECHNICAL REPORT DISTRIBUTION LIST, GEN

Office of Naval Research
Attn: Code 472

800 North Quincy Street
Arlington, Virginia 22217

ONR Branch Office

Attn: Dr. George Sandoz
536 S. Clark Street
Chicago, Illinois 60605
O¥R Area Oifice

Attn: Scientific Dept.
715 Broadway

New York, New York 10003

OXR Western Regional Office
1030 Zast Green Street
Pasadena, California 91106

O)R Eastern/Central Regional Office
Attn: Dr. L. H. Peebles
Building 114, Section D
666 Sucmer Street
Boston, Massachusetts 02210
Director, Naval Research Laboratory
Attn: Code 6100
washington, D.C. 2033%C
The Assistant Secretary
of the Navy (RE&S)
Department of the Navy
Reom 4E726, Pentagon
washington, D.C. 20350

Commander, Naval Air Systems Command
Attn: Code 310C (H. Rosenwasser)
Department of the Navy

washington, D.C. 20360

Defense Technical Information Center
Building 5, Cameron Station
Alexandria, Virginia 22314

Dr. Fred Saalfeld

Chemistry Division, Code 6100
Waval Research Laboratory
Washington, D.C. 20375

Copies

12

U.S. Army Research Office
Attn: CRD-4A-IP

P.0. Box 1211

Researcn Triangle Park, N.C. 27709
Naval Ocean Systems Center

Attn: Mr. Joe McCartney

San Diego, California 92152

Naval Weapons Center
Attn: Dr. A. B. Amster,
Chemistry Division

China Lake, California 93555
Naval Civil Engineering Laboratory
Attn: Dr. R. W. Drisko

Port Hueneme, California 93401

Department of Physics & Chemistry
Naval Postgraduate School
Monterey, California 93940

Dr. A. L. Slafkosky

Scientific Advisor

Commandant of the Marine Corps
(Code RD-1)

washington, D.C. 20380

Office of Naval Research

Attn: Dr. Richard S. Miller

800 N. Quincy Street

Arlington, Virginia 22217

Naval Ship Research and Developaent
Center

Attn: Dr. G. Bosmajian, Applied
Chemistry Division

Annapolis, Maryland 21401

Naval Ocean Systems Center

Attn: Dr. S. Yamamoto, Marine
Sciences Division

San Diego, Californie 91232

Mr. John Boyle

Materials Branch

Naval Ship Engineering Center
Philadelphia, Pennsylvania 19112

Copies

i
i




$P472-3/43 472:GAN:716:ddc
. 78ust72-608

TECHNICAL REPORT DISTRIBUTION LIST, GEX

No.
Coszés
r. Rudelph J. Marcus
Office of Naval Research
Scientific Liaison Group
American Exmbassy
APO San Francisco 96503 1

Mr. James Kelley
DINSRDC Code 2803
Annapolis, Maryland 21402 1

" -




SP472-3/A1! 472:GAN:T716:dcée

78u472-608

TECHNTICAL REPORT DISTRIBUTION LIST, 359

No. No.
Covnies Cories

Dr. Paul Delahav Dr. P. J. Hendra
Department of Chemistry Department of Chemistrv
New York University Universitv of Southhampton

New York, New York 10003 1 Southhampton SO09 S5NH
United Kingdom 1
Dr. E. Yeacer
Department of Chemistry Dr. Sam Perone
Case Western Reserve U'niversity Department of Chemistry
Cleveland, Ohio 41106 1 Purdue University
West Lafavette, Indiana 47907 1
Pr. D. N. Bennion
Department of Chemical Eneinecering Dr. Rovce W. Murrav
Brigham Young Universitv Department of Chemistry
Provo, Utsh 84602 1 Universitv of North Carolina

Chapel Hill, North Carolina 27514 1
Dr. R. A. Marcus

Denartrent of Chenistry Naval Ocean Svstems Center

California Institute of Technoloegy Attn: Technical Library
Pasadena, California 91125 1 San Diego, Califormiz 92152 1
Dre. J. J. Aubern Dr. C. E. Mueller

Rell Laboratories
Murrav Hill, New Jersev 07974 1

The Electrochemistry Branch
Materials Division, Research
& Technology Department
Naval Surface Weapons Center

White Oak Laboratory

Nr. Adam Yeiler
Bell Lah»oratories

Murrav Hill, New Jersev 07974 1 Silver Spring, Marvland 20910 1
Dr. T. Katan Dr. G. Goodman
locvheed Yisciles & Space Globe-Union Incorporated

Cz, Inc. 5757 North Green Bav Avenue
P.0. Rox 504 . Milwaukee, Wisconsin 53201 1
Sunnvvale, California 94088 1

Dr. J. Boechler

Electrochimica Corporation

Attention: Technical Library

2485 Charleston Poad

Mountain View, California 94040 1

Dr. Joseph Sineer, Code 302-]

NASA-Lewis

21000 Prookparb Road .

Cleveland, Ohio 44135 1

Dr. 8. Brummer Pr. P. P, Scbmidt

FIC Tncorporated
55 Chapel Street
Yewton, Massachusetts 02158

Library

P. R. Mallorv and Company, Inc.
Northwest Incdustrial Park
Rurlington, Massachusetts 01803

Department of Chemistryv
Oakland University
Rochester, Michiran 48063

Dr. H. Richtol

Chemistry Department

Rensselaer Polytechnic Institute
Trov, New York 12181




S§P472-3/%13

TECHNICAL REPORT DISTRIRUTION LIST, 359

No.

Conies

Dr. A. R. Ellis

Chemistry Department

Universitv of Wisconsin

Madison, Wisconsin 53706 1

Dr. M. Wrighton
Chemistry Department
Massachusetts Institute
of Technology
Cambridee, Massachusetts 02139 1

Larry F. Plew

Naval Weapbons Support Center

Code 30736, Building 2906

Cranre, Indiana 47522 1

S. Rubv

DOF (STOR)

500 E Street

Washington, D.C. 20545 1

No . Aaron W

Wold
Rrow: arggaf‘—‘d'

Depa;;;@ﬂf"oi'bn‘-' Lrv
Prowidence, Rhode Island 02192 1

Dr. R. C. Chudacek

McGraw-EZdison Company

Tdison Batterv Division

Pest Office Box 28

Floomfield, New Jersey 07003 !

Dr. A, J. Bard

University cf Texas

Department of Chemistry

Austin, Texas 78712 1

Dr. M. M, Nichclson

Flectronics Research Center

Rockwell International

3370 Miraloma Avenue

Anaheim, California 1

Dr. Donald W. Ernst

Naval Surface Weapons Center

Code R=-33

Vhite Oak Laboratory

Silver Soring, Marvland 20910 1

P

Dr. R. P. Van Duvne
Department of Chemistrv
Northwestern Universityv
Evanston, Illinois 6020}

Dr. B. Stanlev Pons
Department of Chemistry
University of Alberca
Edmonton, Alberta
CANADA T6CG 2G2

Dr. Michael J., Weaver
Department of Chemistry
Michigan State University
Fast Larnsing, Michigan 4882

Dr. R, David Rauh

EIC Corporation

55 Chapel Street

Newton, Massachusetts 02158

Dr. J. David Margerum
Research Lahorateories Divisi
Hughes Aircraft Company

3011 Ma2libu Canvon Road
Malibu, California 90265

Dr. Martin Fleischmann
Department of Chemistry
University of Scuthampton
Southampton 509 5NH Eneland

Dr. Janet Ostervoung
Department of Chemistry
State University of New
York at Buffalo
Buffalo, New York 14214

Dr. R. A, Ostervoung
Department of Chemistrv
State University of New
York at Buffalo
Buffalo, New York 14214

Mr. James R, Moden

Naval Underwater Svstems
Center

Code 3632

Newport, Rhode Island 02840

L4T72:GAN:71A: 242
7804 72-A0F

No.

Coniles

4 1

on

- RPN aptnetng. e O RM "

- L s -




SP472~3/A15

TECHNICAL REPORT DISTRIBUTION LIST, 359

No.
Copies

Dr. R. Nowak

Naval Research Laboratory

Code 6130

Washington, D.C. 20375 1

Dr. John F. Houlihan

Shenango Valley Campus

Pennsylvania State University

Sharon, Pennsylvania 16146 1

Dr. M. G. Sceats

Department of Chemistry

University of Rochester

Rochester, New York 14627 1

Dr. D. F. Shriver

Department of Chemistry

Northwestern University

Evanston, Illinois 60201 1

Dr. D. H. Whitmore

Department of Materials Science
Northwestern University

Evanston, Illinois 60201 1

Dr. Alan Bewick

Department of Chemistry

The University

Southampton, S09 5NH England 1

Dr. A. Himy

NAVSEA-5433

NC #4

2541 Jefferson Davis Highway

Arlington, Virginia 20362 1

!
e

Dr. John Kincaid

Department of the Navy
Stategic Systems Project Off
Room 901

Washington, DC 20376

M. L. Robertson

Manager, Electrochemical
Power Sonices Division

Naval Weapons Support Center

Crane, Indiana 47522

Dr. Elton Cairns

472:GAN:716:ddc
78u472-608

No.

Co;Tes

ice
.

Energy & Environment Division

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

Dr. Bernard Spielvogel
U.S. Army Research Office
P.0. Box 12211

Research Triangle Park, NC

Dr. Denton Elliott

Air Force Office of
Scientific Research

Bldg. 104

Bolling AFB

Washington, DC 20332

27709 1

= e o

RPN







